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(57) ABSTRACT 

A resistive level-shifting biasing network is used With a 
capacitor in parallel to couple FET-based ampli?er stages 
from DC to several GHZ in a multi-stage ampli?er. The 
output of the ?rst ampli?er stage is connected to the input of 
the second ampli?er stage Without a blocking capacitor or 
level-shifting diodes, alloWing a portion of the drain current 
for the ?rst ampli?er stage to be supplied from the second 
ampli?er stage. In a particular embodiment, a distributed 
ampli?er achieved over 20 dB gain from DC to about 80 
GHZ using three traveling Wave ampli?er chips. 

19 Claims, 4 Drawing Sheets 
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FIG. 1A 

FIG. 1B 
(PRIOR ART) 

FIG. 1 C 
(PRIOR ART) 
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DC-COUPLED MULTI-STAGE AMPLIFIER 
USING ALL-PASS RESISTIVE/CAPACITIVE 

NETWORK FOR LEVEL SHIFTING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Not applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

REFERENCE TO MICROFICHE APPENDIX 

Not applicable. 

FIELD OF THE INVENTION 

The present invention relates generally to high-frequency 
ampli?ers, and more particularly to biasing ampli?er stages 
in a multi-stage ampli?er using an integrated, resistive 
level-shifting network. 

BACKGROUND OF THE INVENTION 

Broadband ampli?cation (generally from less than 100 
MHZ to greater than 75 GHZ) is desired for many applica 
tions, such as microWave and optical communication net 
Works and test and measurement equipment. Gain of 
approximately 20-30 dB is desirable to obtain moderate 
poWer levels (typically about 10 to 30 dBm) for electrical 
signals. Distributed ampli?er integrated circuits (“ICs”), 
particularly those using gallium arsenide (“GaAs”) and/or 
indium phosphide (“InP”) transistors, are often used as gain 
elements in these types of systems. Distributed ampli?ers 
provide good input and output impedance matching and 
moderate output poWer over a Wide frequency range. 

Multi-stage ampli?ers cascade a series of distributed 
ampli?ers (“ampli?er stages”), often provided as unpack 
aged semiconductor ICs (also knoWn as “chips”), to achieve 
higher gain. Gain of 20 to 30 dB is often obtained With 
multi-stage ampli?ers. The gain of the multi-stage ampli?er 
depends on the gain per ampli?er stage and number of 
ampli?er stages in the cascade, as Well as other factors. 
HoWever, cascading ampli?er stages can be dif?cult due to 
the incompatibility of the bias levels of the output of one 
ampli?er stage With the input of the neXt ampli?er stage. 
An eXample of a distributed ampli?er is an integrated, 

monolithic semiconductor traveling Wave ampli?er 
(“TW ”). Three to ten active gain cells distributed along 
tWo transmission lines on a semiconductor chip are typically 
used in a TWA. One transmission line is the input transmis 
sion line and the other transmission line is the output 
transmission line. Each of these transmission lines is termi 
nated in a resistor having the same value as a characteristic 
impedance (eg 50 ohms) of the transmission line. These 
resistors are referred to as the input termination and output 
termination. The active gain cells are often FETs, Which are 
arranged in a cascode con?guration. GaAs depletion-mode 
FETs are often used as the gain cells in distributed ampli?ers 
because they provide a good combination of gain, high 
frequency performance, and poWer. 

For purposes of this discussion, a cascode con?guration 
of depletion-mode FETs can be represented as a single 
common source FET, since the electrical characteristics of 
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2 
the tWo are similar. If the distributed ampli?er consists of 7 
FETs, each having a Width of 50 microns, the lumped 
equivalent Will be represented as a single FET having a 
Width of 350 microns. 

The input signal to the distributed ampli?er is coupled to 
the gate of the ?rst FET (active gain stage), Which is 
typically biased at a slight negative voltage (about —0.3 V) 
and draWs a very small amount of current (typically<0.1 
mA). The signal is ampli?ed by the PET and the output 
signal is taken from the drain of the FET, Which is typically 
biased at a positive voltage (about 4V) and draWs a signi? 
cant amount of current (typically 75 mA-500 mA or more). 
The output signal is coupled to the input of the neXt ampli?er 
stage; hoWever, the bias point (4V) of the drain of the ?rst 
ampli?er stage is not compatible With the bias point (-0.3V) 
of the second ampli?er stage. Multi-stage ampli?ers often 
use either DC blocks (capacitors) or level-shifting netWorks 
to resolve incompatible bias levels for the output of a 
preceding ampli?er stage and the input of a folloWing 
ampli?er stage. 
A common technique is to use a broadband blocking 

capacitor to isolate the output bias of one ampli?er stage 
from the input bias of the neXt ampli?er stage. Drain current 
is provided to the output of the ?rst ampli?er stage through 
a broadband inductor. 

FIG. 1A shoWs a circuit diagram of a portion of a prior art 
multi-stage ampli?er 10 using capacitively coupled ampli 
?er stages 12, 14 (represented as FETs). A blocking capaci 
tor 16 blocks DC from the drain 18 of the ?rst ampli?er stage 
12 to the gate 20 of the second ampli?er stage 14. Drain bias 
voltage VD is supplied to the drain 18 of the ?rst ampli?er 
stage 12 through an inductor 22. A large capacitor 30 
(typically greater than 100 pF) coupled to the drain 12 
through a 50 ohm output termination resistor 26. The 
combination of the capacitor 30 and output termination 
resistor 26 provides a good termination for the drain 12 at 
both loW and high frequencies. The value of the output 
termination resistor is chosen according to a characteristic 
impedance of the system that the multi-stage ampli?er 10 is 
intended for use in. A 50 ohm termination is appropriate for 
use in a 50-ohm system, but this characteristic impedance is 
chosen merely as an eXample for convenience of discussion. 
Resistors 32, 34 form a voltage divider for biasing the gate 
22 of the second ampli?er stage 14. 

Unfortunately, the capacitor 16 blocks loW-frequency and 
DC signals in addition to the drain bias voltage VD. Gen 
erally, a larger capacitor Will couple loWer frequencies; 
hoWever, it is also more likely to have a loWer self-resonant 
frequency. Similarly, the inductor 22 often has resonant 
frequencies that affect the signal betWeen ampli?er stages, 
and broadband resonance-free inductors are eXpensive. 

FIG. 1B shoWs a circuit diagram of a portion of another 
prior art multi-stage ampli?er 40 using capacitively coupled 
ampli?er stages 12, 14. Rather than using a broad-band 
inductor (see FIG. 1A, ref. num. 22), bias current is provided 
to the ?rst ampli?er stage 12 through a 50 ohm output 
termination resistor 26 by a voltage supply 42. A blocking 
capacitor 16‘ isolates the drain bias 42 of the ?rst ampli?er 
stage 12 from the gate bias 44 of the second ampli?er stage 
14. The drain current for the ?rst ampli?er stage 12 ?oWs 
through the output termination resistor 26, Which is usually 
integrated on the semiconductor chip of the ?rst ampli?er 
stage 12. The voltage drop across the output termination 
resistor 26 is typically about 5 Volts. This generates signi? 
cant poWer (e.g. 5V*100 mA=0.5 W) and raises the oper 
ating temperature of the ?rst ampli?er stage 12. Higher 
operating temperatures often result in earlier failures, espe 
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cially With physically small resistors. Unfortunately, physi 
cally large resistors do not Work Well at high frequencies due 
to parasitic reactance. 

FIG. 1C shoWs a circuit diagram of a portion of yet 
another prior art multi-stage ampli?er 46. Level-shift diodes 
D1, D2, D3, D4 are used to shift the bias level from the drain 
18 of the ?rst ampli?er stage 12 to the gate 20 of the second 
ampli?er stage 14. As in the multi-stage ampli?er shoWn in 
FIG. 1B, the drain current ?oWs from the drain bias 42 
through the output termination resistor 26. The drain bias 42 
also forWard biases the level-shift diodes D1, D2, D3, D4. 
HoWever, the level-shift diodes D1, D2, D3, D4 have 
parasitic inductances and capacitances that create reso 
nances at high frequency signals. An optional current source 
47 is included to insure that a feW milliamps are pulled 
through the level-shift diodes D1, D2, D3, D4. This also 
insures that a selected amount of current is pulled through 
the input termination resistor 48. 

A“speed-up” capacitor 49 provides a loW-impedance path 
for high-frequency signals, typically above 500 MHZ, 
betWeen the drain 18 of the ?rst ampli?er stage 12 and the 
gate 20 of the second ampli?er stage 14. BeloW about 50 
MHZ, the capacitor does not couple the drain 12 to the gate 
22, and the signal from the drain 12 passes to the gate 22 
through the level-shift diodes D1, D2, D3, D4. Coupling the 
?rst ampli?er stage 12 to the second ampli?er stage 14 as 
shoWn often results in higher gain at loW frequencies, and 
loWer gain at high frequencies, rather than ?at gain across 
the bandWidth of the multi-stage ampli?er 46. 

Thus, it is desirable to couple ampli?cation stages in a 
multi-stage ampli?er to alloW ampli?cation of loW-fre 
quency signals Without degrading the high-frequency per 
formance of the distributed ampli?er and at the same time to 
provide level shifting to resolve the incompatibility in 
biasing levels betWeen the output of one ampli?er stage and 
the input of the neXt ampli?er stage. It is also desirable to 
provide drain current to an ampli?er stage in a manner that 
avoids the disadvantages discussed above. 

BRIEF SUMMARY OF THE INVENTION 

A multi-stage ampli?er includes a ?rst ampli?er stage 
having a ?rst output con?gured to be coupled to an output 
bias supply through an output termination resistor and a 
second ampli?er stage having an input coupled to the ?rst 
output and a gate coupled to the input through a ?rst 
integrated high-impedance resistor in parallel With an inte 
grated capacitor. The gate is con?gured to be coupled to a 
gate bias voltage supply through a second integrated high 
impedance resistor. The ?rst integrated high-impedance 
resistor and the second integrated high-impedance resistor 
form a resistive level-shifting netWork to bias the gate at a 
selected gate bias voltage, and to couple direct-current 
signals from the ?rst output to the gate of the second 
ampli?er stage. The input of the second ampli?er stage is 
coupled to the output bias supply through an input termi 
nation resistor and provides a portion of the drain current to 
the preceding (?rst) ampli?er stage. 

In a particular embodiment, the capacitance of the inte 
grated capacitor is chosen to be about equal to an input 
capacitance of the gate to form a capacitive divider at the 
gate, and the resistances of the ?rst and second high 
impedance integrated resistors are chosen to be essentially 
equal to form a resistive divider at the gate. In a further 
embodiment, the resistance of the ?rst integrated resistor is 
selected to be at least ?ve times the characteristic impedance 
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4 
of the multi-stage ampli?er so that the resistive netWork 
does not load the capacitive coupling path at high frequen 
cies. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A shoWs a circuit diagram of a portion of a prior art 
multi-stage ampli?er using capacitively coupled ampli?er 
stages. 

FIG. 1B shoWs a circuit diagram of a portion of another 
prior art multi-stage ampli?er using capacitively coupled 
ampli?er stages. 

FIG. 1C shoWs a circuit diagram of a portion of yet 
another prior art multi-stage ampli?er. 

FIG. 2 is a simpli?ed circuit diagram of a portion of a 
multi-stage ampli?er according to an embodiment of the 
present invention. 

FIG. 3A is a plan vieW of a multi-stage ampli?er using 
three cascaded TWA chips according to an embodiment of 
the present invention. 

FIG. 3B is a simpli?ed circuit diagram of the multi-stage 
ampli?er shoWn in FIG. 3A. 

FIG. 4A is a plot of gain (S21) versus frequency for a 
single TWA chip used in the distributed ampli?er shoWn in 
FIG. 3A. 

FIG. 4B is a plot of gain (S21) versus frequency for the 
distributed ampli?er shoWn in FIG. 3A. 

FIG. 4C shoWs a plot of input match (S11) and output 
match (S22) versus frequency for the distributed ampli?er of 
FIG. 3A. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

I. Introduction 
Cascaded ampli?er stages are DC-coupled in a multi 

stage ampli?er. Bias current to a ?rst ampli?er stage is 
provided through both the output termination resistor of the 
?rst ampli?er stage and the input termination resistor of the 
folloWing ampli?er stage. Thus, in a SO-ohm system, drain 
current for the ?rst ampli?er stage is provided through 25 
ohms, Which is the parallel combination of a 50 ohm output 
termination of the ?rst ampli?er stage and the 50 ohm input 
termination of the folloWing ampli?er stage. This results in 
loWer poWer dissipation than providing bias current through 
only the output termination resistor. Resistors and a capaci 
tor integrated on the ampli?er chip provide a level-shifting 
netWork to bias a gate of the folloWing ampli?er stage and 
to couple the output of the ?rst ampli?er stage to the gate of 
the folloWing ampli?er stage from DC to several GHZ. 

II. Exemplary Multi-Stage Ampli?er 
FIG. 2 is a simpli?ed circuit diagram of a portion of a 

multi-stage ampli?er (“ampli?er”) 50 according to an 
embodiment of the present invention. The ampli?er stages 
55, 59 (Which are represented as dotted lines to indicate 
semiconductor chips) include TWAs 54, 58, Which are 
draWn as FETs. Each TWA typically includes 3—10 FETs 
(not individually shoWn). It is common in the art to represent 
the gain of the distributed gain elements of a TWA in a 
circuit diagram With the same symbol used for a FET. 
Representing the gain of a TWA as a FET also simpli?es the 
illustration of the bias techniques of the multi-stage ampli 
?er. 
The drain (output) 52 of the ?rst ampli?er stage 55 is 

coupled to the input 53 of the second ampli?er stage 59. The 
input 53 of the second ampli?er stage 59 is coupled to the 
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gate 56 of the second TWA 58 through a resistor 60 and a 
capacitor 62 in parallel With the resistor 60. Another resistor 
64 couples the gate 56 of the ?rst TWA 58 to a gate bias 
supply 66. The resistors 60, 64 and capacitor 62 are inte 
grated on the semiconductor chip of the second ampli?er 
stage 59. A relatively large negative voltage is provided by 
poWer supply 66 to counteract a relative large positive 
voltage provided by poWer supply 68 and result in essen 
tially Zero volts at the gate 56. 

The voltage supplies 66, 68 and capacitor 69 are located 
off-chip. Furthermore, the voltage supplies are typically not 
part of the multi-stage ampli?er (see, eg FIG. 3B). Bias 
voltage(s) are brought into a packaged multi-stage through 
feedthrough pins. The voltage supplies are shoWn in the 
?gures for convenience of illustration and discussion. 
Approximately half the drain current for the ?rst ampli?er 
stage 55 is supplied from the output bias supply 68 through 
the output termination resistor 71 of the ?rst ampli?er stage 
55, and the remainder of the drain current is supplied 
through the input termination resistor 73 of the second 
ampli?er stage 59. This reduces the problems arising from 
heat generation in the prior art multi-stage ampli?ers shoWn 
in FIGS. 1B and 1C in tWo Ways. First, the parallel combi 
nation of resistors provides an equivalent resistance of 25 
ohms, reducing Joule heating. Second, the heat generated by 
the drain current is physically spread out, With about half the 
heat being generated on the ?rst ampli?er chip, and about 
half the heat being generated on the second ampli?er chip. 

Integrated resistors 60, 64 form a level-shifting netWork 
betWeen the drain 52 of the ?rst TWA 54 and the gate 56 of 
the second TWA 58. The resistors 60, 64 have relatively high 
resistance relative to the characteristic impedance of the 
multi-stage ampli?er 50 (eg 50 ohms). It is generally 
desirable that each resistor in the bias level-shifting netWork 
have a resistance at least ?ve times the characteristic imped 
ance of the system to prevent the loW-frequency path (i.e. 
resistors 60, 64) from interfering With the high frequency 
path (i.e. capacitor 62). In a particular embodiment, each 
resistor 60, 64 Was about 1,000 ohms, Which Was selected to 
provide suf?cient current through the resistors so that the 
current through the gate 56 Was negligible (about 2%) and 
so that the resistive netWork did not load the capacitive 
coupling to the gate at high frequencies. 

The voltage supplies 66, 68 maintain a slight negative 
voltage (eg about —0.2 V in this example) at the gate 56 of 
the second TWA 58 and provide a coupling path for DC and 
loW-frequency signals from the ?rst ampli?er stage 55. 
Voltage supplies are optionally auto-sensing or externally 
controlled to maintain the desired voltages. For example, an 
operational ampli?er is used to sense the current draWn 
through the second TWA 58 (i.e. from the drain 70 to ground 
72). The gate 56 can be draWn to a negative voltage using 
this level-shifting netWork. For example, reducing the resis 
tance of the second integrated resistor 64 relative to the ?rst 
integrated resistor 60 pulls the gate voltage loWer. 

Even though the resistances of the level-shifting netWork 
are ?xed in the semiconductor die, the gate bias voltage also 
depends on the voltage of voltage supplies 66, 68. Thus, the 
level shift is adjustable, Which enables the TWA 58 to be 
used in a Wide variety of applications. 

The integrated resistors 60, 64 and integrated capacitor 62 
typically have very small parasitic reactances. In a particular 
embodiment the resistors 60, 64 have self-resonant frequen 
cies greater than 200 GHZ. It is generally desirable that the 
integrated resistors have self-resonant frequencies above the 
intended operating range of the ampli?er stage. 
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The integrated resistors 60, 64 provide a level-shifting 

path from the drain 52 of the ?rst TWA 54 to the gate 56 of 
the second TWA 58 from DC up to about 10 MHZ, depend 
ing on the value chosen for the capacitor 62. The capacitor 
62 forms a capacitive divider With the input capacitance of 
the second TWA 58. In a particular embodiment, the capaci 
tor 62 is about 700 femto-Farads (“fF”) and the input 
capacitance is about 700 fF. The capacitance of the combi 
nation of the integrated capacitor and input capacitance and 
is approximately half the input capacitance, Which improves 
the bandWidth of the distributed ampli?er While still alloW 
ing large (i.e. Wide) FETs to but used to achieve higher 
output poWer. The capacitive divider couples approximately 
half of the dynamic voltage from the output 52 of the ?rst 
TWA 54 to the gate 56 of the second TWA 58. 
The high-impedance level-shifting restive netWork 

formed by the integrated resistors 60, 64 does not signi? 
cantly load the gate 56 of the second TWA 58 at high 
frequencies. The transition from the loW-frequency region 
(typically beloW about 10 MHZ), Where coupling betWeen 
the TWAs is dominated by the high-impedance resistive 
level-shifting netWork and the high-frequency region (typi 
cally above 500 MHZ), Where coupling betWeen the TWAs 
is dominated by the loW-impedance of capacitor 62, is 
smooth. In a particular embodiment, Where each integrated 
resistor had a resistance of about 1,000 ohms and the 
integrated capacitor 62 had a capacitance about equal to the 
input capacitance of the TWA 58, less than 1 dB of gain 
variation (“ripple”) of the ampli?er stage occurred in the 
transition betWeen the loW-frequency region and high-fre 
quency region. 

Suitably high values for the resistors in the level-shifting 
netWork are chosen so as to not interfere With the capacitive 
path at high frequencies. High resistance values isolate the 
DC path from high-frequency signals. In other Words, higher 
values of resistance move the cutoff (transition) frequency 
loWer, but leakage current through the gate 56 can shift the 
gate bias voltage. Therefore, it is desirable that suf?cient 
current ?oW through the integrated resistors 60, 64 so that 
the gate current draW is negligible, typically less than about 
2%, of the current ?oWing through the integrated resistors 
60, 64. Resistors in the range of 1 to 10 kilo-ohms are 
suitable for use With depletion-mode FETs made according 
to a pseudomorphic high-electron mobility transistor 
(“PHEMT”) process. 

FIG. 3A is a plan vieW of a multi-stage ampli?er 80 using 
three cascaded ampli?er stages 55, 59, 61 fabricated in a 
0.15 micron (gate length) PHEMT process according to an 
embodiment of the present invention. Each ampli?er stage 
includes a TWA and is fabricated on a chip of GaAs. The 
output 52 of the ?rst ampli?er stage 55 is connected to the 
input 53 of the second ampli?er stage 59 With a mesh bond 
84, ribbon bond, or Wire bonds. Similarly, the output 70 of 
the second ampli?er stage 59 is connected to the input 88 of 
the third ampli?er stage 61 With a mesh bond 90 or other 
bond. 

Drain bias voltage VD1 is brought to a plate of a chip 
capacitor 92, Which typically has relatively high capacitance 
and a high self-resonant frequency. The chip capacitor 92 
provides a loW-impedance path to ground, essentially a 
shunt, for signals above about 100 MHZ. The opposite plate 
of the chip capacitor 92 is coupled to package ground (not 
shoWn) With conductive epoxy or solder. Similarly, chip 
capacitors 94, 96, 98, 100, 102, 104, 106, 108 act as shunts 
to ground at high frequencies. In a particular embodiment 
these chip capacitors have a capacitance of about 800 
pico-Farads (“pF”). 
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VD1 is distributed from the chip capacitor 92 to other chip 
capacitors 94, 98, 102 With bond Wires 110, 112, Which in 
turn couple VD1 to the ampli?er stages 55, 59, 61 at bonding 
pads 114, 116, 118, and 120. The bonding pads correspond 
to the like-numbered nodes shoWn in FIG. 3B. The gate bias 
voltage VG1 for the ?rst ampli?er stage 55 is about —0.2 V, 
and is supplied to the input bonding pad 121 of the ?rst 
ampli?er stage 55 through an inductor 83. Gate bias 
VG2=—6.43 V for the second ampli?er stage 59 is provided 
at bonding pad 122 and to the third ampli?er stage 61 at 
bonding pad 124. Since the third ampli?er stage 61 does not 
have a folloWing ampli?er stage, the drain current is pro 
vided by VD2=4 V through an inductor 85 coupled to the 
output bonding bad 126. The output termination resistor (see 
FIG. 3B, ref. num. 87) for the third (?nal) ampli?er stage 61 
couples frequencies above about 100 MHZ to ground thor 
ough a capacitor 96. 

Although a 3-stage ampli?er assembly is shoWn, addi 
tional ampli?er stages are included in alternative embodi 
ments. Similarly, each of the three ampli?er chips illustrated 
in this embodiment are identical, but this is not required. For 
eXample, the ?rst ampli?er chip may be optimiZed for gain, 
While the third ampli?er chip is optimiZed for output poWer. 
Alternatively, the ?rst ampli?er stage may omit the resistive 
level-shifting netWork because gate bias for the ?rst stage is 
supplied though the inductor 83, for eXample. 

FIG. 3B is a simpli?ed circuit diagram of the multi-stage 
ampli?er 80 shoWn in FIG. 3A. The ?rst, second, and third 
ampli?er stages 55, 59, 61 are IC’s fabricated on separate 
GaAs chips. The ?rst ampli?er stage 55 includes a ?rst input 
121 con?gured to be coupled to a ?rst gate bias supply (see 
FIG. 3A). A ?rst gate 130 is coupled to the ?rst input 121. 
A ?rst integrated output termination resistor 71 couples a 
?rst output 52 to an output bias supply 68. A portion of the 
drain current to the ?rst ampli?er stage is provided through 
the ?rst output termination resistor 71, and additional drain 
current to the ?rst ampli?er stage is provided through the 
integrated input termination resistor 73 of the second ampli 
?er stage 59, Which is also coupled to the output bias supply 
68. 
An input 53 of the second ampli?er stage 59 is coupled to 

the ?rst output 52, Which is coupled to the second gate 56 
through a ?rst integrated high-impedance resistor 60 having 
a ?rst resistance greater than at least ?ve times a character 
istic impedance of the multi-stage ampli?er and a parallel 
integrated capacitor 62. The second gate 56 is coupled to the 
second gate bias supply 66 through the second integrated 
high-impedance resistor 64. Drain current from the output 
bias supply 68 is provided to the second output 70 of the 
second ampli?er stage 59 through a second integrated output 
termination resistor 132, and through a third integrated input 
termination resistor 133, Which is also coupled to the output 
bias supply 68. In a particular embodiment, the resistance of 
the ?rst and second integrated high-impedance resistors are 
selected to provide a current from the second input to the 
gate bias supply of at least ?fty times the gate current of the 
TWA 58. 

The third ampli?er stage 61 has a third input 88 coupled 
to the second output 70. The third gate 134 is coupled to the 
third input 88 With a third integrated high-impedance resis 
tor 135 having a third resistance greater than at least ?ve 
times a characteristic impedance of the multi-stage ampli?er 
in parallel With a second integrated capacitor 136. The third 
gate 113 is coupled to the second gate bias supply 66 through 
a fourth integrated high-impedance resistor 137. The third 
output 126 is coupled to ground 139 through a third inte 
grated output termination resistor 138 and an output cou 
pling capacitor 96. The third output 126 is coupled to a 
second output bias supply 140 through a Wide-band inductor 
142. Alternatively, the third output 126 is connected VD1 
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8 
through the third output termination resistor 138 and the 
inductor 142 and VD2 are omitted. 

FIG. 4A is a plot 150 of gain (S21) versus frequency for 
a single distributed ampli?er chip (e.g. TWA 55) used in the 
multi-stage ampli?er 80 shoWn in FIG. 3A. The TWA had 
seven cascoded PHEMT active gain cells and achieved gain 
of about 8 to 10 dB up to about 82 GHZ. The integrated 
resistors (see FIG. 2, ref. nums. 60, 64) Were about 1,000 
ohms each and the integrated capacitor (see FIG. 2, ref. num. 
62) Was about 700 fF. 

FIG. 4B is a plot 160 of gain (S21) versus frequency for 
the multi-stage ampli?er 80 shoWn in FIGS. 3A and 3B, ie 
the gain for all three ampli?er stages. The X-aXis (frequency) 
is the same for both (plots, but note that the y-aXis (S21) is 
reduced to about 1/3’ scale in FIG. 4B for convenience of 
illustration. The three-stage ampli?er provided gain above 
20 dB from DC to about 80 GHZ. The multi-stage ampli?er 
made efficient use of the individual ampli?er stages, With the 
total gain of the distributed ampli?er being about 2.7 times 
the gain of an individual ampli?er stage. 

FIG. 4C shoWs a plot of input match (S11) 170 and output 
match (S22) 180 versus frequency for the multi-stage ampli 
?er of FIG. 3A. Input match (S11) 170 is beloW —15 dB to 
about 90 GHZ and output match (S22) 180 is at or beloW —10 
dB to about 90 GHZ. The reverse isolation (S12) is about —40 
dB or less in this frequency range. Of particular noteWor 
thiness is the eXcellent matching at loWer frequencies, 
indicating the suitability of the multi-stage ampli?er 80 for 
applications needing high gain over a very Wide frequency 
range. 
The high-impedance level-shifting resistive netWork in 

combination With the integrated capacitor provided high 
gain doWn to true DC, and also provided high gain to very 
high frequencies. Such high gain over such a Wide frequency 
range is a signi?cant improvement over multi-stage ampli 
?ers using conventional inter-stage coupling and/or level 
shifting. Additionally, the gain ripple Was less than 4 dB 
from DC to 75 GHZ, and the output poWer of the three-stage 
distributed ampli?er Was not less than 12 dBm from DC to 
75 GHZ. 

Using a high-impedance resistive level-shifting netWork 
alloWs DC coupling of ampli?ers With almost no degrada 
tion to the high-frequency performance of the ampli?er. The 
gate bias voltage of the ampli?er stage can be selected by 
changing the gate bias voltage V62, alloWing the ampli?er 
input to be connected to a Wide range of DC levels. The 
level-shifting netWork also alloWs the drain bias current for 
a stage to be provided through both the output termination 
resistor for that stage and the input termination resistor of the 
folloWing stage, thereby reducing the poWer dissipation and 
operating temperature of the output termination resistor. 

While the preferred embodiments of the present invention 
have been illustrated in detail, it should be apparent that 
modi?cations and adaptations to these embodiments might 
occur to one skilled in the art. For eXample, single-ended 
ampli?ers have been used to illustrate speci?c embodiments 
of the invention, but embodiments of the invention also use 
differential ampli?ers. Therefore, the scope of the present 
invention is not limited by the illustrative embodiments 
above, and is set forth in the folloWing claims. 

What is claimed is: 
1. An ampli?er comprising: 
a ?rst ampli?er stage having 

a drain, 
an output termination resistor, and 
a ?rst output con?gured to be coupled to a ?rst bias 

supply through the output termination resistor to 
provide a ?rst portion of a drain current to the ?rst 
ampli?er stage; and 
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a second ampli?er stage having 
an input termination resistor, 
an input coupled to the ?rst output and con?gured to be 

coupled to the ?rst bias supply through the input 
termination resistor to provide a second portion of 
the drain current to the ?rst ampli?er stage, 

a ?rst integrated resistor, 
a second integrated resistor, 
an integrated capacitor, and 
a gate coupled to the input through the ?rst integrated 

resistor in parallel With the integrated capacitor, the 
gate being con?gured to be coupled to a gate bias 
supply through the second integrated resistor. 

2. The ampli?er of claim 1 Wherein the ampli?er has a 
characteristic impedance and the ?rst integrated resistor has 
a ?rst resistance at least ?ve times the characteristic imped 
ance. 

3. The ampli?er of claim 2 Wherein the second integrated 
resistor has a second resistance essentially equal to the ?rst 
resistance. 

4. The ampli?er of claim 2 Wherein the second integrated 
resistor has a second resistance less than the ?rst resistance. 

5. The ampli?er of claim 1 Wherein a current ?oWs 
through the ?rst integrated resistor When the ampli?er is 
coupled to the ?rst bias supply and to the gate bias supply, 
and a gate current ?oWing through the gate of the second 
ampli?er stage is less than 2% of the current. 

6. The ampli?er of claim 1 Wherein the second ampli?er 
stage comprises a distributed ampli?er. 

7. The ampli?er of claim 6 Wherein the distributed ampli 
?er comprises a traveling Wave ampli?er. 

8. The ampli?er of claim 1 Wherein the ?rst integrated 
resistor has a ?rst resistance betWeen about 250 ohms and 
about 1000 ohms, and the second integrated resistor has a 
second resistance betWeen about 250 ohms and about 1000 
ohms. 

9. The ampli?er of claim 1 Wherein coupling betWeen the 
input and the gate is primarily through the ?rst integrated 
resistor in a loW-frequency range, and is primarily through 
the integrated capacitor in a high-frequency range, the 
integrated capacitor having a capacitance, the ?rst integrated 
resistor having a ?rst resistance, and the second integrated 
resistor having a second resistance chosen so that gain of the 
ampli?er varies less than about 1 dB in a transition band 
betWeen the loW-frequency range and the high-frequency 
range. 

10. The ampli?er of claim 9 Wherein the loW-frequency 
range eXtends doWn to direct-current. 

11. The ampli?er of claim 1 Wherein the ?rst integrated 
capacitor has a capacitance chosen to form a capacitive 
divider at the gate With an input capacitance of the gate. 

12. The ampli?er of claim 11 Wherein the capacitance is 
approximately equal to the input capacitance. 

13. The ampli?er of claim 12 Wherein the ?rst integrated 
resistor has a ?rst resistance and the second integrated 
resistor has a second impedance, the ?rst impedance being 
approximately equal to the second impedance. 

14. The ampli?er of claim 1 Wherein the ?rst ampli?er 
stage is a ?rst traveling Wave ampli?er and the second 
ampli?er stage is a second traveling Wave ampli?er. 

15. A ampli?er comprising: 
a ?rst distributed ampli?er having 

a ?rst input con?gured to be coupled to a ?rst gate bias 
Supply, 

a ?rst gate coupled to the ?rst input, 
a ?rst integrated output termination resistor, and 
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a ?rst output con?gured to be coupled to an output bias 

supply through the ?rst integrated output termination 
resistor; and 

a second distributed ampli?er having 
a second integrated input termination resistor, 
a second input coupled to the ?rst output and con?g 

ured to be coupled to the output bias supply through 
the second input termination resistor, 

a ?rst integrated resistor having a ?rst resistance greater 
than at least ?ve times a characteristic impedance of 
the ampli?er, 

a second integrated resistor having a second resistance, 
a ?rst integrated capacitor, 
a second gate being coupled to the second input 

through the ?rst integrated resistor in parallel With 
the ?rst integrated capacitor, and con?gured to be 
coupled to a second gate bias supply through the 
second integrated resistor, 

a second integrated output resistor, and 
a second output con?gured to be coupled to the output 

bias supply through the second integrated output 
resistor, Wherein the ?rst resistance and second resis 
tance are selected to provide a current from the 
second input to the second gate bias supply of at least 
?fty times a gate current. 

16. The ampli?er of claim 15 Wherein the ?rst distributed 
ampli?er comprises a ?rst traveling Wave ampli?er and the 
second distributed ampli?er comprises a second traveling 
Wave ampli?er. 

17. The ampli?er of claim 15 Wherein the ?rst distributed 
ampli?er is embodied in a ?rst semiconductor chip and the 
second distributed ampli?er is embodied in a second semi 
conductor chip, the ?rst semiconductor chip being essen 
tially identical to the second semiconductor chip. 

18. The ampli?er of claim 15 further comprising 
a third distributed ampli?er having 

a third integrated input termination resistor, 
a third input coupled to the second output and con?g 

ured to be coupled to the output bias supply through 
the third input termination resistor, 

a third integrated resistor having a third resistance 
greater than at least ?ve times a characteristic imped 
ance of the ampli?er, 

a fourth integrated resistor having a fourth resistance, 
a second integrated capacitor, 
a third gate being coupled to the third input through the 

third integrated resistor in parallel With the second 
integrated capacitor, and con?gured to be coupled to 
the second gate bias supply through the second 
integrated resistor, 

an output coupling capacitor, 
a third integrated output resistor con?gured to be 

coupled to ground through the output coupling 
capacitor, and 

a third output con?gured to be coupled to a second 
output bias supply. 

19. The ampli?er of claim 18 Wherein the ?rst distributed 
ampli?er provides a ?rst gain, the second distributed ampli 
?er provides a second gain and the third distributed ampli?er 
provides a third gain, a total gain of the ampli?er being at 
least 90% of a sum of the ?rst gain, second gain and third 
gain from direct-current to at least 75 GHZ. 


